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Genera 1\ Overview 


^  , 

In  this  report  ve  vi 11  describe: the  tremendous  advances  made  in 


our’  work  for  the  Ocular  Hazards  Prograra.^t  the  Letterman  Army  Institute 


of  Research  (LAIR).  Our^research  has  seen  the  first  application  of 


femtosecond  lasers  to  the  visual  system.)  This  research  is  giving  new  ' 


insights  into  how  these  ult,i*rrSfe  laser  sources  interact  with  biological 


tissue  in  general  and  With  the  visual  system  in  particular.  Al-eo-tmder 
flur  contract  with  LAIR  ^e  have  discovered  during  *hrs  period  that 


simple  anions  can  activate  visual  photoreceptors  in  the  dark.  Among 


these  .anionic  activators'  is  the  commonly  used  dental  agent  fluoride. 


The  data  on  in  vitro  preparations  indicate  that  these  anions  modulate 


photoreceptor  biochemistry  and  may  effect  photoreceptors  sensitivity. 


In  addition,  we  have  continued  our  research  into  identifying  selective¬ 


ly  and  spatially  vthe  image  of  various  elem^s  in  photoreceptors  and  ad- 


i  7  i.  *•  l  i 

jacent  tissue*  *  We  were  able  to  extend  our  preparation  procedures  to 


view  the  elemental  compost  ion  of  such  components  as  melanin  granules, 
^he  sensitive  and  selective  Spatial  images  we-  are  getting  Should  play 


important  roles  in  extending  our  understanding  of  the  fundamental  mech¬ 


anisms  of  laser  damage.  We  have  also  developed  complementary  tech¬ 


niques^to  view,  in  light  microscopy,  actin  filaments  in  photoreceptors.. 


The  stain  we  use  is  simple,  highly  specific  and  could  possibly  be  ex¬ 


tended  to  living  cells.  Furthermore,  theae-^st aining  procedures  we  have 


developed  can  already  be  applied  universally  to  study  laser  damaged 


retina.  We  have  also  continued  to  study  the  protective  nature  of  oil 


droplets  in  the  turtles  For  these  studies  we  have  been  able  to  use  a 


Raman  microprobe  to  obtain  single  oil  droplet  spectra.  Finally,  over 

% 


the  last  few  months  we  have  obtained  data  demonst rat ing  rapid 
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-^mechanical  motions  in  vertebrate  photoreceptors^  Such  rapid  mechanical 
motions  which  parallel  electrophysiological  responses  in  the  cell  may 
lie  at  the  very  basis  of  photoreceptor  function.  Laser  damage 
mechanisms  we  believe- should' new-  be  reevaluated  in  terras  of  this  new 


data.  The  effect  of  laser  light  on  these  newly  discovered  mechanical 
motions  will  surely  lead  to  new  and  improved  understandings  of  low 
level  laser  ocular  hazards.  ^ 

In  the  next  six  sections  we  will  describe  these  significant 

/ 

advances.  Figures  will  be  numbered  separately  in  each  section  from  one 
but  the  references  will  be  numbered  consecutively  throughout  the 
report. 
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I.  The  First  Application  of  Femtosecnd  Lasers  in  the  Ocular  Hazards 

Program 

A.  Introduction 

In  this  section  we  will  describe  both  the  system  and  the  very  ex¬ 
citing  results  we  have  obtained. 

B.  The  Femtosecond  Laser  System 

The  essence  of  the  femtosecond  laser  system,  which  is  of  the  de¬ 
sign  of  Fork  et  al  (1),  is  a  colliding-pulse,  mode-locking  (CPM)  ar¬ 
rangement.  A  diagram  of  the  device  is  seen  in  Fig.  1A.  In  this  system 
a  conventional  CW  argon  ion  laser  is  used  at  an  output  power  of  3-7  W 
and  an  output  wavelength  of  514.5  nm  together  with  a  jet-stream  dye 
laser  with  a  rhodamine  6G  active  medium.  The  counterpropogating  pulses 
interact  in  the  saturable  absorber,  which  is  3, 3' -Diethyloxadicarbocy- 
anine  iodide,  causing  a  transient  grating  tosynchronize  and  shorten  the 
pulses . 

To  amplify  the  pulse,  a  three  stage  dye  amplifier  system  labelled 
l,  2,  &  3  in  Fig.  IB  is  pumped  by  a  doubled  Nd:Yag  laser  at  530  nm. 

The  femtosecond  output  of  the  CPM  ring  dye  laser  is  fed  into  the  ampli¬ 
fier  stages  at  the  point  labelled  pulse  in.  Each  amplifier  stage  is 
separated  by  a  saturable  absorber  that  reduces  amplifier  temporal 
broadening.  A  grating  pair  compressor  labelled  4  reduces  group  veloc¬ 
ity  broadening  in  the  amplifier  optics.  Using  this  system,  l  mJ  femto¬ 
second  pulses  have  been  obtained  at  specific  wavelengths. 

To  measure  the  time  duration  of  the  pulses  we  used  a  sura  frequency 
generation  scheme  that  we  reported  several  years  ago  (2).  In  this 
scheme  (see  Figure  2A)  the  laser  output  is  directed  by  mirror  A  onto  a 
beam  splitter  B.  Half  of  the  beam  intensity  is  reflected  onto  a  sta¬ 
tionary  prism  that  returns  the  laser  beam  along  the  same  optical  path. 
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The  rest  of  the  original  beam  intensity  went  through  the  beam  splitter 
and  impinged  on  a  motor  driven  prism  that  also  returned  the  beam  along 
the  same  optical  path.  Both  returning  laser  beams  are  then  focused  on¬ 
to  a  LHO3  crystal  and  if  and  only  if  the  two  beams  are  coincident  in 
time  the  sum  frequency  would  be  generated  by  the  crystal  and  detected 
in  the  blue  where  photomultipliers  are  most  sensitive.  The  result  of 
this  experiment  is  an  autocorrelation  of  the  pulse  which  is  shown  in 
Figure  2B  to  be  70  fsec. 

C.  Femtosecond  Results 

During  the  second  , year  of  the  contract,  as  proposed,  we  obtained 
our  first  results  on  pigments  of  importance  in  the  visual  system. 

These,  in  fact,  are  the  first  data  ever  obtained  with  femtosecond  spec¬ 
troscopy  on  a  biological  system.  Using  two  specific  wavelengths  avail¬ 
able  to  us  we  were  able  to  record  the  data  seen  in  Figure  3.  The  ener¬ 
gies  available  to  us  allowed  us  to  study  cone  visual  pgiraents  which  ab¬ 
sorb  light  in  the  red.  Thus,  since  we  wanted  to  move  into  studying 
cone  photoreceptors,  we  chose,  as  described  in  our  last  proposal,  the 
mudpuppy  as  a  good  starting  point  because  of  the  availability  of  mater¬ 
ial  at  a  fairly  reasonable  price.  In  addition  the  mudpuppy  cone  visual 
pigment  has  been  well  studied  at  our  available  wavelengths  of  570  nra 
and  620  nm  (3).  Using  the  pulses  from  the  laser  reduced  in  intensity 
to  10  pJ  and  focused  to  a  diameter  of  0.3  mm  we  found  an  increase  in 
transmission  (decrease  in  absorption)  at  570  nm  (see  Figure  3).  This 
represents  a  loss  of  ground  state  nolecules.  The  results  at  570  nm  are 
very  accurate  in  terms  of  the  time  scales.  The  results  at  620  nm, 
which  represent  a  decrease  in  transmission,  record  the  photochemical 
product  being  produced.  However,  because  of  index  of  refraction 
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effects  the  time  scale  of  these  620  nra  results  are  not,  in  our  present 
configuration,  as  accurate. 

The  570  nm  data  already  has  presented  us  with  a  fascinating 
glimpse  at  the  interaction  of  light  with  rhodopsins.  Spec i f ica 1 ly,  as 
you  notice  in  the  data,  it  takes  two  80  fsec  pulse  before  any  change  in 
transmission  at  570  nra  is  detected.  This  is  an  amazing  observation 
since  it  was  thought  that  the  interaction  of  light  with  matter  is  in¬ 
stantaneous.  In  fact  all  other  "man-made"  dyes  studied  by  us  do  indeed 
have  an  instantaneous  response  to  light  as  detected  by  the  femtosecond 
laser  system.  Therefore,  cone  rhodopsins  seem  to  have  some  unique  mec¬ 
hanism  that  appears  to  protect  the  eye  from  responding  to  these  very 
rapid  pulses.  This  mechanism  may  be  at  the  very  basis  of  the  energy 
capture  and  storage  process  in  cone  photreceptors . 

In  addition  to  this  first  investigation  of  the  effect  of  such  pul¬ 
ses  in  any  biological  system,  we  have  repeated  the  above  investigation 
with  the  photoreceptors  in  D2O.  The  reason  for  this  inves t igat ion  was 
to  compare  the  kinetics  of  these  primary  processes  in  both  H2O,  the 
natural  solvent,  and  D2O.  Since  we  had  previously  demonstrated  that 
photon  capture  and  energy  conversion  is  over  in  1  psec  in  rhodopsin 
(4),  the  femtosecond  system  gave  us  the  unique  opportunity  to  investi¬ 
gate  our  earlier  suggestion  (5)  that  proton  motion  is  stimulated  by 
rhodopsin  light-absorption.  The  results  we  got  dramatically  support 
out  earlier  suggestion  (5).  In  D2 0  (see  Figure  4)  both  the  excited 
state  decay  and  the  initial  induction  time  before  absorption  are  delay¬ 
ed  probably  by  the  slower  movement  of  deuterons.  Thus,  we  see,  that 
the  induction  time,  from  time  zero  to  the  maximum  transmission  change 
at  570  nm,  is  6  rather  than  the  3  pulses  seen  in  the  H2O  spectrum. 


& 


Also,  Che  decay  of  the  rhodopsin  excited  state  monitored  at  570  nra 
takes  longer  in  D2O.  The  dotted  curve  in  the  D20  results  is  obtained 
at  a  power  >  lO^J.  It  appears  that  at  these  power  levels  non-linear 
phenomena  are  induced  in  the  visual  pigment.  We  deduce  this  from  the 
power  dependence  of  this  high  laser  power  spectrum. 

Our  data  are  demonstrating  that  we  now  have  the  tool  to  watch  the 
very  essence  of  these  fundamental  processes  of  light  absorption  and  en¬ 
ergy  conversion  in  visual  excitation.  Our  data  also  indicate  that  fsec 
pulses  which  are  at  the  very  limit  of  the  time  response  of  photo-chemi¬ 
cal  systems  are  inducing  new  phenomena  in  biological  systems.  Thus,  we 
have  to  use  and  evaluate  these  pulses,  at  this  ultimate  of  time  resolu¬ 
tion,  not  only  from  an  ocular  hazard  standpoint  but  also  from  their  ef¬ 
fect  on  biological  tissue  in  general.  We  plan  to  initiate  this  in  the 
subsequent  years  of  this  contract  with  certain  instrumental  improve¬ 
ments  . 
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Figure  2A  Schematic  Diagram  of  the  Experimental  Apparatus  Used  for 

Obtaining  the  Autocorrelation  of  Femtosecond  Laser  Pulses  by 
the  Sum  Frequency  of  the  Amplified  Pulse. 

2B  Autocorrelation  Function  of  the  Amplified  Pulse. 
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II ,  Anionic  Activators  of  Photoreceptor  Cells  in  the  Dark 

A.  Introduction 

As  described  in  our  last  proposal,  photoreceptor  cells  have  a  com¬ 
plex  machinery  for  hydrolyzing  under  the  action  of  light  cyelic  GMP  and 
producing  GMP  plus  a  proton.  This  enzymatic  machinery  results  in  a 
large  amplified  response  to  a  single  photon.  In  essence  one  photon 
stimulates  these  enzymes  to  hydrolyze  400,000  cyclic  GMP  molecules  to 
produce  on  a  100  msec  timescale  400,000  protons.  During  the  past  two 
years  we  have  been  able  to  show  that  a  series  of  anionic  activators  can 
turn  on  these  enzymes  in  photoreceptor  cells  in  the  dark,  causing,  with¬ 
out  light,  cyclic  nucleotide  hydrolysis  (release  of  protons)  that  is 
normally  a  part  of  the  physiological  response.  A  surprising  and  start¬ 
ling  result  is  that  fluoride,  an  important  additive  in  dental  care,  is 
among  these  anionic  activators.  It  is  possible  that  our  discovery  of 
these  activators  will  allow  us  to  modulate  visual  sensitivity  and  exci¬ 
tation. 

B.  Biochemical  Introduction 

Vertebrate  retinal  rod  outer  segments  (ROS)  contain  a  light-acti¬ 
vated  phosphodiesterase  (PDE)  that  is  highly  specific  for  cyclic  GMP 
(6-11).  Photoexcited  rhodopsin  does  not  bind  to  PDE  directly,  but  act¬ 
ivates  this  enzyme  via  an  intermediary  protein  called  the  G-protein  or 
transducin  (12).  The  absorption  of  light  induces  a  con f ormat iona 1 
change  in  rhodopsin  that  results  in  the  binding  of  the  G-protein  to 
rhodopsin  (13)  and  the  catalytic  exchange  of  GTP  for  GDP  on  the  Ca 
subunit  of  the  G-protein  (12).  Ga-GTP  dissociates  from  rhodopsin  and 
the  Gfly  complex,  and  binds  to  phosphodiesterase  (13).  The  binding  of 
Gj-GTP  to  PDE  results  in  the  dissociation  of  the  inhibitory  y  subunit 
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of  phosphodiesterase  with  the  subsequent  hydrolysis  of  cyclic  OiP  to 
GMP  (6-11).  In  vitro  the  response  of  this  system  to  light  is  highly 
amplified  and  is  associated  with  visual  transduction,  since  the  absorp¬ 
tion  of  a  single  photon  results  in  the  catalytic  exchange  of  GTP  for 
GTP  on  "500  G-proteins  (12),  and  these  G-proteins  each  activate  "800 
PDE  molecules  leading  to  the  hydrolysis  of  4  x  10^  cyclic  GMP  within 
one  second  of  photon  absorption  (7). 

The  activation  of  PDE  by  light  has  many  similarities  to  the  acti¬ 
vation  of  adenylate  cyclase  by  hormone  receptors  located  on  the  surface 
of  many  types  of  eukaryotic  cells  (15).  The  absorption  of  light  by 
rhodopsin  (12)  and  the  binding  of  catecholamine  hormones  to  cell  sur¬ 
face  receptors  (16)  both  catalyze  the  exchange  of  GTP  for  GDP  bound  to 
the  respective  G-protein  of  each  system  (15).  In  the  adenylate  cyclase 
system,  the  G-GTP  complex  activates  the  catalytic  subunit  of  this 
enzyme,  leading  to  the  synthesis  of  cyclic  AMP  from  ATP  (16).  Recent¬ 
ly,  there  has  been  a  report  of  a  functional  exchange  of  the  components 
of  the  adenylate  cyclase  and  ROS  phosphodiesterase  systems  (17). 

Fluoride  ions  (18-23)  vanadate  (24)  and  molybdate  (25,26)  activate 
membrane-bound  adenylate  cyclase  purified  from  a  number  of  different 
tissues,  but  tungstate  does  not  activate  this  enzyme  (25).  In  this 
paper,  we  demonstrate  that  vanadate,  fluoride,  molybdate  and  tungstate 
activate  rod  outer  segment  PDE  in  the  absence  of  light.  Since  tung¬ 
state  stimulates  ROS  PDE  at  low  concentrations  but  does  not  activate 
adenylate  cyclase,  this  anion  may  be  employed  as  a  selective  stimulator 
of  PDE-mediated  cyclic  nucleotide  hydrolysis  in  photoreceptors  and 


other  cells. 
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C .  Materials  and  Methods 

All  reagents  were  obtained  from  Sigma  (St.  Louis,  MO)  unless 
otherwise  noted.  Bovine  retinas  were  obtained  from  American  Stores 
(Lincoln,  NE)  and  kept  in  liquid  nitrogen  until  use.  Retinal  rod  outer 
segments  were  isolated  by  conventional  sucrose  flotation  techniques, 
with  brief  centrifugation  times  to  avoid  increasing  the  dark  PDE  activ¬ 
ity  (7).  Isolation  procedures  were  carried  out  at  4°C  or  with  reagents 
on  ice  using  infrared  illumination  (\>75Q  nra)  and  an  image  convertor 
(NI-Tec,  Inc.,  Niles,  IL).  Typically,  100  bovine  retinas  were  removed 
from  liquid  nitrogen  and  thawed  at  room  temperature  for  30  minutes, 
followed  by  immersion  of  the  vials  in  cool  water  for  further'  thawing  as 
necessary.  Retinas  were  placed  in  45X  sucrose  (w/v)  in  a  buffer  (60  raM 
KCl,  30  raM  NaCl ,  2  mM  mgCl2  ,  1  mM  dithiothreitol ,  and  10  mM  HEPES  at  pH 
7.8)  and  manually  homogenized  by  four  passages  through  a  teflon-glass 
test  tube  homogenizer  (Wheaton),  followed  by  45-60  seconds  of  agitation 
on  a  tabletop  vortexer  operated  at  full  speed.  32  cc  of  this  material 
was  placed  in  each  of  3  cellulose  nitrate  tubes,  overlayed  with  1-2  cc 
of  the  above  buffer,  and  centrifuged  at  22K  for  20  minutes  in  an  SW 
25.1  swinging  bucket  rotor  (Beckman,  Palo  Alto,  CA).  Crude  R0S  har¬ 
vested  from  the  sucrose-buffer  interface  were  diluted  4:1  with  buffer 
and  centrifuged  at  5K  for  20  minutes  in  a  fixed-angle  SW  30  rotor 
(Beckman).  The  resulting  pellet  was  resuspended  in  96  cc  of  38 7,  su¬ 
crose  (w/v)  in  the  above  buffer,  divided  into  3  cellulose  nitrate  tubes 
each  overlayed  with  1-2  cc  of  buffer,  and  centrifuged  at  22K  for  20 
minutes  as  above.  Purified  R0S  harvested  from  the  sucrose-buffer  in¬ 
terface  were  diluted  4:1  with  buffer  and  pelleted  at  5K  for  20  min¬ 
utes.  The  pellet  was  resuspended  in  several  cc  of  buffer,  divided  into 
200  ul  aliquots,  and  stored  in  liquid  nitrogen  until  further  use. 
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A  10  pi  aliquot  of  this  suspension  was  solubilized  in  1  cc  of  1.5%  Ara- 
raonyx  LO  (Onyx  Chemicals,  Jersey  City,  NJ)  in  10  mM  HEPES,  50  mM  hydro- 
xylaraine  at  pH  7.8,  and  the  rhodopsin  concentration  was  determined  by 
absorption  difference  spectroscopy  using  e  *  42,700  M_1  cm-1  at  500  nm. 
A28Q/A500  was  typically  1.9-2. 3. 

Experiments  were  performed  at  room  temperature  by  diluting  the  ROS 
suspension  to  a  final  concentration  of  4-15  pM  rhodopsin.  The  assay 
mixture  contained  4  mM  cyclic  GMP  and  1  raM  CaCl2  in  the  above  buffer  in 
a  total  volume  of  250  p  1 .  The  ROS  solution  was  placed  in  a  small  test 
tube  and  rapidly  stirred  with  a  magnetic  spin  bar.  For  dark  trials, 

2.5  pi  aliquots  of  a  concentrated  stock  solution  containing  the  anion 
of  interest  were  added  to  the  ROS  suspension  at  “1  minute  intervals, 
with  up  to  8  serial  additions  of  anion  per  sample.  In  this  manner, 
each  ROS  solution  could  be  used  to  determine  the  PDE  activity  at  sev¬ 
eral  different  anion  concentrations.  The  number  of  serial  additions 
was  limited  by  two  factors:  (1)  all  measurements  were  completed  before 
the  pH  changed  by  0.2  units,  and  (2)  the  total  added  volume  was  limited 
to  less  than  8%  of  the  initial  volume.  The  effect  of  diluting  the  ROS 
sample  by  up  to  8%  of  the  initial  volume  was  corrected  for  by  multi¬ 
plying  the  measured  rate  of  cyclic  GMP  hydrolysis  by  [(250  *  a)/250]2, 
where  a  is  the  volume  of  solution  (in  pi)  added  to  the  ROS  suspension 
during  the  course  of  the  experiment.  This  theoretical  correction  fac¬ 
tor  takes  into  account  the  decrease  in  the  rhodopsin  concent  rat  ion  of 
the  suspension,  and  the  attenuation  of  the  measured  pH  change  by  the 
larger  volume  of  the  assay  solution.  The  validity  of  using  this  cor¬ 
rection  factor  was  tested  experimentally  by  diluting  the  ROS  sample  by 
up  to  8%  with  serial  additions  of  2.5  pi  aliquots  of  buffer,  and  the 
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theoretical  correction  factor  was  found  to  negligibly  underestimate  the 
experimentally  deternined  value. 

To  determine  the  effect  of  these  anions  on  the  light-activated 
rate  of  cyclic  GMP  hydrolysis  by  PDE,  the  ROS  sample  was  maximally  ac¬ 
tivated  by  either  full  bleaching  in  room  lights  or  exposure  to  a  cali¬ 
brated  commercial  photoflash  unit  (Vivitar)  placed  20  era  from  the  sam¬ 
ple.  Either  40  GPPNHP  or  1  raM  GTP  was  added  to  the  ROS  su^ension 
prior  to  illumination,  since  light  activation  of  PDE  requires  a  guanyl 
nucleotide  cofactor  (15).  When  bright  flash  illumination  and  a  GTP  co¬ 
factor  were  used,  the  initial  measurement  of  light-activated  PDE  acti¬ 
vity  was  made  30  seconds  after  the  flash,  since  we  observed  that  the 
activity  of  PDE  remains  constant  for  several  minutes  after  this  time. 
The  effect  of  the  anion  of  interest  on  light-activated  PDE  activity  was 
then  determined  by  serial  additions  of  2.5  nl  aliquots  of  a  concen¬ 
trated  stock  solution  of  this  anion,  as  described  above. 

The  protons  released  by  complete  hydrolysis  of  4  mM  cyclic  GMP  led 
to  a  pH  change  of  ra0.7  units.  This  change  in  pH  was  recorded  by  dis¬ 
playing  the  output  of  a  portable  pH  meter  equipped  with  a  microelec¬ 
trode  (Markson  Scientific,  Phoenix,  A Z)  on  a  strip  chart  recorder.  The 
phosphodiesterase  activity  (moles  of  cyclic  GMP  hydrolyzed/second)  is 
determined  by  the  slope  of  this  tracing,  since  hydrolysis  of  one  mole 
of  cyclic  GMP  releases  one  mole  of  H+  at  pH  7.8  (9).  Buffering  capaci¬ 
ties  of  the  individual  media  were  determined  by  back  titration  with  0.1 
N  NaOH. 

D.  Results 

Vanadate  is  the  most  potent  activator  of  ROS  PDE  (KM  ■*  100  m-M)  , 
and  the  concentration  of  vanadate  that  maximally  activates  PDE  in  the 
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dark  is  2  raM  (Figure  1).  Within  the  error  of  our  measurements,  adding 
2  raM  vanadate  does  not  significantly  increase  the  activity  of  light-ac¬ 
tivated  PDE.  Concentrations  of  vanadate  greater  than  2  raM  markedly  in¬ 
hibit  the  activity  of  PDE  activated  either  by  light  or  by  lower  concen¬ 
trations  of  vanadate  in  the  dark.  The  Kj  value  for  vanadate  inhibi¬ 
tion  is  *  6  raM.  Although  greater  than  6  raM  vandate  significantly  in¬ 
creases  the  buffering  capacity  of  the  ROS  suspension,  the  measured  hy- 
d-olytic  velocities  can  readily  be  corrected  for  this  effect.  The  in¬ 
hibition  of  PDE  activity  by  vanadate  is  unequivocal,  since  the  decrease 
in  hydrolytic  velocity  -caused  by  >  2  raM  vanadate  greatly  exceeds  any 
error  introduced  by  correcting  for  these  buffering  capacity  changes. 

The  inhibition  of  PDE  by  high  concentrations  of  vanadate  does  not  ap¬ 
pear  to  be  due  to  a  non-specific  ionic  perturbation  of  the  medium, 
since  up  to  100  mM  excess  NaCl  inhibits  the  light-induced  activity  of 
PDE  by  less  than  10 7.  (data  not  shown).  Fluoride  exactly  duplicates  the 
results  on  vanadate  (data  not  shown). 

Tungstate  activates  PDE  in  the  dark  at  higher  anion  concentrations 
than  are  required  for  vanadate  or  fluoride  activation  (Figure  2).  The 
K«4  for  tungstate  activation  is  a  l  mM,  and  10  mM  tungstate  activates 
PDE  to  nearly  the  same  extent  that  this  enzyme  is  activated  by  light. 

Up  to  10  mM  tungstate  does  not  significantly  increase  the  activity  of 
PDE  that  is  activated  by  light.  Concentrations  of  tungstate  greater 
than  10  mM  may  inhibit  PDE  activity  stimulated  either  by  light  or  by 
less  than  10  mM  tungstate  in  the  dark.  However,  we  cannot  be  certain 
of  the  inhibitory  effect  of  this  anion  because  the  large  changes  in 
buffering  capacity  produced  by  greater  than  10  mM  tungstate  limited  the 
accuracy  of  our  measurements.  If  tungstate  inhibits  PDE  at  high 
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concentrations,  this  inhibition  is  not  as  striking  as  in  the  case  of 
vanadate  inhibition  of  this  enzyme. 

Molybdate  is  the  least  potent  of  these  anionic  activators  of  PDE, 
since  the  for  molybdate  activation  is  “  3  raM  (Figure  3).  10-20  mM 

molybdate  maximally  activates  PDE  in  the  dark,  but  the  level  of  PDE 
activity  produced  by  this  molybdate  concentration  is  only  30-352  of  the 
PDE  activity  produced  by  light.  30  mM  molybdate  either  does  not  inhib¬ 
it  or  minimally  inhibits  PDE  activated  by  either  light  or  lower  concen¬ 
trations  of  molybdate.  As  in  the  case  of  tungstate,  the  change  in  buf¬ 
fering  capacity  produced  by  high  concentrations  of  molybdate  limits  the 
accuracy  with  which  an  inhibitory  effect  of  this  anion  can  be  deter¬ 
mined  . 

Chromate,  a  group  VI  B  tetroxo  complex  similar  to  vanadate,  molyb¬ 
date  and  tungstate,  does  not  significantly  activate  ROS  phosphodiester¬ 
ase  in  the  dark  (data  not  shown). 

In  the  presence  of  0.5  mM  ATP  and  0.5  mM  GTP,  PDE  activated  by  a 
weak  flash  undergoes  a  first  order  decrease  in  the  rate  of  cyclic  GMP 
hydrolysis  (referred  to  as  deactivation),  with  a  time  constant  of  11-18 
seconds  in  10-9  M  Ca  +  >  and  28-42  seconds  in  10“^  M  Ca*''’  (11).  All  of 
the  results  reported  in  this  paper  on  anionic  activation  of  PDE  were 
obtained  with  1Q-^  M  Ca*+  added,  to  avoid  any  uncontrolled  effects 
arising  from  small  amounts  of  contaminating  Ca++  in  our  assay.  How¬ 
ever,  since  f lash- induced  deactivation  is  most  striking  in  10~9  M  Ca  +  +, 
we  conducted  our  assay  for  an  ion- i nduced  deactivation  in  low  Ca  +  +  .  Us- 
ing  10~  M  Ca**,  we  observed  that  the  phosphodiesterase  activity  re¬ 
mained  constant  for  at  least  2  minutes  after  addition  of  1.2  mM  vana- 

X 

date,  0.8  mM  tungstate  and  2-4  mM  molybdate  in  the  presence  of  0.5  mM 
ATP  and  0.5  mM  GTP  in  the  dark.  Thus,  we  did  not  obtain  any  evidence 
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Co  suggest  Chat  anion-activated  PDE  undergoes  an  ATP-dependent  deacti¬ 
vation  similar  to  the  ATP-dependent  deactivation  of  PDE  after  a  flash 
of  light. 

E .  Discuss  ion 

Our  results  demonstrate  that  vanadate,  fluoride,  molybdate  and 
tungstate  each  activate  rod  outer  segment  phosphodiesterase  in  the 
dark.  Vanadate  and  fluoride  (Km  •  100  pM)  is  the  most  potent  acti¬ 
vator  of  ROS  PDE,  followed  by  tungstate  (KM  »  1  mM)  and  molybdate 
(Km  “  3  raM)  .  Either  2  mM  vanadate  or  10  mM  tungstate  produces  PDE 
activity  which  is  >  902  of  the  maximal  1  i gh t -ac t i va t ed  rate  for  this 
enzyme.  However,  10-20  mM  molybdate  can  elicit  only  30-352  of  the  ac¬ 
tivity  of  PDE  produced  by  light.  PDE  in  ROS  suspensions  that  is  maxi¬ 
mally  activated  by  light  and  a  guanyl  nucleotide  cofactor  cannot  be  ac¬ 
tivated  further  by  addition  of  vanadate,  fluoride,  molybdate  or  tung¬ 
state.  High  concentrations  of  vanadate  and  fluoride  clearly  inhibit 
Che  activity  of  ROS  PDE  elicited  by  either  light  or  up  to  2  mM  vanadate 
or  fluoride  in  the  dark.  High  concentrations  of  molybdate  and  tung¬ 
state  may  also  minimally  inhibit  PDE,  but  this  is  difficult  to  deter¬ 
mine  because  the  change  in  buffering  capacity  due  to  large  amounts  of 
tungstate  and  molybdate  limited  the  accuracy  of  our  measurements. 

Possible  Mechanism  for  Anionic  Activation  of  PDE 

Fluoride  activates  adenylate  cyclase  by  interacting  with  the  G- 
protein  (20),  and  vanadate  and  molybdate  may  also  activate  this  enzyme 
by  interacting  with  the  G-protein  (26).  In  view  of  the  similarities 
between  light-activated  PDE  and  hormone-s t iraul a t ed  adenylate  cyclase 
(15,17),  we  would  like  to  suggest  that  vanadate,  fluoride,  molybdate 
and  tungstate  may  activate  PDE  by  acting  on  the  G-protein  of  the  ROS 
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enzyme  system.  Although  the  molecular  aspects  of  this  activation  are 
not  known,  several  facts  suggest  how  these  anions  might  stimulate  ROS 
PDE.  The  chemistry  of  vanadate,  tungstate  and  molybdate  oxyanions  is 
very  similar  to  the  chemistry  of  phosphate  (27,28).  Vanadate  competes 
with  phosphate  for  binding,  and  the  ability  of  vanadate  to  adopt  a 
structure  similar  to  the  transition  state  of  phosphate  may  account  for 
its  ability  to  inhibit  a  wide  variety  of  enzymes  (27,29).  If  the 
G-protein  is  involved  in  the  activation  of  PDE  by  these  anions,  a 
simple  and  elegant  mechanism  to  explain  this  effect  can  be  suggested. 
Since  it  is  known  that  GTP  must  replace  GDP  on  the  Ga  subunit  of  the 
G-protein  in  order  to  stimulate  PDE  (12,13),  the  presence  of  the  termi¬ 
nal  y-phosphate  of  GTP  must  be  crucial  for  the  activation  of  PDE  by 
light.  In  the  absence  of  GTP  exchange  stimulated  by  photolyzed  rhodop- 
sin,  vanadate,  molybdate  and  tungstate  (represented  as  A  in  Figure  4) 
may  be  capable  of  assuming  a  molecular  configuration  that  mimics  the 
presence  of  the  terminal  y-phosphate  of  GTP  at  the  guanyl  nucleotide 
binding  site  of  .  This  could  result  in  the  dissociation  of  Ga 
from  Gpy  which  is  required  for  PDE  activation.  Interestingly,  the 
recent  demonstration  that  aluminum  is  required  for  the  activation  of 
adenylate  cyclase  by  fluoride  (30,31)  may  allow  the  activation  of  PDE 
by  fluoride  previously  reported  (17,23)  to  be  incorporated  into  the 
above  scheme.  Aluminum  in  the  presence  of  fluoride  may  exist  primarily 
as  AlFt,-,  suggesting  that  a  metal  liganded  with  multiple  fluoride  ions 
is  the  species  involved  in  activation  of  adenylate  cyclase  (30). 
Therefore,  the  activation  of  phosphodiesterase  by  fluoride  may  be  due 
to  the  generation  of  a  polyionic  complex  that  can  bind  to  the  same  site 
at  which  vanadate,  molybdate  and  tungstate  activate  PDE. 
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Figure  1:  Vanadate  Activates  Rod  Outer  Segment  Phosphodiesterase. 

In  the  dark,  Low  concentrations  of  vanadate  stimulate  the  activity  of 
ROS  PDE,  with  2  mM  vanadate  stimulating  this  enzyme  to  >  90Z  of  the 
light-induced  activity.  Concentrations  of  vanadate  >  2  mM  inhibit  the 
activity  of  PDE  elicited  by  light  or  lower  vanadate  concentrations  in 
the  dark.  The  light  curve  was  determined  by  bleaching  6 X  of  the  rho- 
dopsin  present  in  ROS  suspensions  containing  1  mM  GTP  as  a  cofactor. 

The  effect  of  vanadate  on  the  activity  of  PDE  in  ROS  samples  bleached 
m  room  lights  was  also  investigated,  and  the  results  obtained  were 
similar  to  the  results  obtained  using  flash  illumination  (results  not 
shown).  Assay  mixtures  contained  1  mM  CaCl2  and  4  mM  cyclic  CMP  in 
buffer  (see  text).  All  suspensions  were  10.2  4M  in  rhodopsin.  Experi¬ 
ments  were  performed  at  room  temperature  at  an  initial  pH  of  7.8,  and 
all  measurements  were  completed  before  the  pH  had  changed  by  0.2  units. 
A  Relative  PDE  Activity  =  1.0  corresponds  to  14.3  of  cyclic  GMP 
hydrolyzed/sec . 


Figure  2:  Tungstate  Activates  Rod  Outer  Segment  Phos 


iesterase 
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Figure  3:  Molybdate  Activates  Rod  Outer  Segment  Phosphodiesterase. 

In  the  dark,  10-20  mM  molybdate  stimulates  PDE  activity  to  a  level  30- 
35%  of  the  light-induced  activity  of  this  enzyme.  The  effect  of  molyb¬ 
date  on  the  light-induced  activity  of  PDE  was  determined  with  1  mM  GTP 
as  a  cofactor,  and  with  the  sample  fully  activated  by  bleaching  in  room 
lights.  Assay  mixtures  contained  1  mM  CaCl2  and  4  mM  cyclic  GMP.  Sus¬ 
pensions  were  10.2  pM  ii  rhodopsin,  and  experiments  were  performed  at 
an  initial  pH  of  7.8.  A  Relative  PDE  Activity  3  L.O  corresponds  to 
11.4  pM  of  cyclic  GMP  hydrolyzed/sec. 
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Figure  4:  Mechanism  for  the  Anionic  Activation  of  Phosphodiesterase. 

(a)  In  rod  outer  segments,  the  effect  of  light  is  to  induce  the  binding 
of  the  G-protein  ( G )  to  rhodopsin  (Rh),  resulting  in  the  catalytic  ex¬ 
change  of  GTP  for  GDP  on  the  G-protein.  G-GTP  then  stimulates  phospho¬ 
diesterase  (PDE),  resulting  in  the  hydrolysis  of  cyclic  CMP  to  CMP. 

(b)  In  adenylate  cyclase,  the  binding  of  hormone  (H)  to  cell  surface 
receptors  (Rec)  results  in  the  exchange  of  GTP  for  GDP  on  the  G-protein 
of  this  system.  G-GTP  then  activates  the  catalytic  subunit  (C),  re¬ 
sulting  in  the  conversion  of  ATP  to  cyclic  AMP.  (a')  and  ( b ' ) :  Anions 
(A)  that  activate  both  ROS  PDE  and  adenylate  cyclase  may  produce  their 
effect  by  interacting  with  the  G-protein  of  each  system.  Since  vana¬ 
date,  molybdate  and  tungstate  may  be  able  to  assume  structures  similar 
to  the  transition  state  of  phosphate,  we  suggest  that  these  oxyanions 
may  assume  a  molecular  conf igurat  ion  that  mimics  the  presence  of  the 
terminal  y-phosphate  at  the  guanyl  nucleotide  binding  site  on  the 
G-protein.  This  could  result  in  the  activation  of  PDE  and  C  by  the 


stimulated  G-protein. 
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III.  Oil  Droplet  Investigations 

One  of  the  objectives  of  our  last  proposal  was  to  study  individual 


turtle  oil  droplets  as  a  function  of  size  and  type  (red,  orange  or  yel¬ 
low).  Previously  (32),  we  had  successfully  studied  only  mixtures  of 
oil  droplets.  Initially  we  thought  that  since  LAIR  was  going  to  be 
purchasing  a  Raman  spectrometer  it  would  be  advantageous  for  these 
studies  to  be  completed  by  LAIR.  I  visited  LAIR  in  June  1983  and  one 
of  the  aims  of  that  visit  was  to  repeat  on  the  recently  installed  LAIR 
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Raman  equipment  our  oil  droplet  results.  This  I  accomplished  together 
with  Captain  Cooper  amo,ng  several  other  experiments  completed  during  ray 
ten  day  stay  at  LAIR.  The  plan  was  for  LAIR  to  work  on  a  method  of  is¬ 
olating  single  oil  droplets  in  pipettes  while  our  laboratory  was  to 
keep  working  with  our  Raman  raicroprobe  which  allows  the  recording  of  a 
Raman  spectrum  through  a  microscope.  The  Raman  microprobe  would  allow 


I w.* 


single  oil  droplets  to  be  viewed  and  studied.  On  return  from  LAIR  last 
summer  we  began  to  investigate  the  oil  droplets  by  our  raicroprobe  meth¬ 
od.  Although  we  obtained  data  on  the  oil  droplets  we  were  not  satis- 
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fied  by  the  reliability  of  our  results  since  there  were  indications 
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that  the  tightly  focused  laser  beam  even  with  pW/cm  CW  powers  caused 
heating  in  the  high  optical  density  oil  droplets.  Specifically  there 
was  a  broadening  of  the  vibrational  spectra  and  this  is  an  internal 
monitor  of  heating.  Thus  over  the  last  year  we  used  a  low  temperature 
stage  that  would  work  with  our  microscope  and  would  also  be  compatible 
with  the  Raman  experiment. 

In  Figure  1  of  this  section  our  low  temperature  cell  for  Raman 
microprobe  oil  droplet  experiments  is  shown.  In  this  stage  the  sample 
is  placed  on  a  sapphire  window  and  is  covered  by  a  cover  slip.  There 
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is  then  a  quartz  window  which  is  screwed  above  the  cover  slip  but  which 
leaves  a  space  for  purging  with  H2  gas  between  the  sample  and  the  win¬ 
dow.  Cold  N2  is  then  introduced  through  ports  in  the  linen-based  phen¬ 
olic  block  under  the  sapphire  window  and  from  the  bottom  an  evacuated 
thermopane  window  is  screwed  in  to  provide  thermal  insulation. 

Within  the  last  month  we  have  now  obtained  our  first  single  oil 
droplet  spectra  from  red  oil  droplets  of  the  red-eared  swamp  turtle. 

The  data  obtained  is  seen  in  Figure  2  of  this  section.  Based  on  the 
frequencies  obtained  in  this  resonance  Raman  spectrum  it  appears  that 
the  red  oil  droplet  is  ^composed  exclusively  of  0-carotene.  We  are  now 
proceeding  to  study  some  of  the  exciton  phenomena  observed  earlier  in 
the  studies  of  oil  droplet  mixtures  (32).  The  results  of  these  studies 
should  considerably  further  our  goal  of  developing  effective,  rapidly 
altering  optical  filters. 
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Figure  2  The  resonance  Raman  spectrum  of  a  single  red  oil  droplet  at 
77°K.  Exciting  laser  wavelength  was  488nra  at  lraw  of 
incident  power.  The  Raman  raicroprobe  spectrum  shown  was 
recorded  digitally  at  intervals  of  2cra_i  at  10  sec  per  step 
using  a  Spex  1401  double  monochromator,  an  RCA  C31034A 
photomultiplier  with  photon-counting  electronics  and  a 
Coherent  Radiation  52G  Argon  ion  laser.  The  spectrum  was 
plotted  on  a  Houston  plotter  interfaced  to  a  PDP  11/40 
minicomputer . 
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Elemental  Localization  in  Photoreceptors  and  Other  Components  in 
Retinal,  Pigment  Epithelium  and  Choroidal  Tissue 
In  our  last  proposal  we  described  a  new  technique  called  ion  mi¬ 
croscopy  via  secondary  ion  mass  spectrometry  (SIMS)  (33,34).  This 
technique  allowed  for  images  to  be  made  of  specific  elements  in  photo¬ 
receptor  tissue  and  even  isotopes  of  elements.  In  previous  reviews  of 
our  work  we  have  shown  calcium  images  of  photoreceptor  cells  and  we 
were  interested  to  determine  whether  the  elemental  composition  of  other 
pigmented  components  of  interest  to  the  ocular  hazards  program  could  be 
imaged.  We  have  now  U3$d  a  procedure  that  allows  us  to  image  the 
melanin  granules  in  the  pigment  epithelium  and  choroid  together  with 
the  photoreceptor  and  adjacent  neuronal  layers. 

The  experimental  animal  used  in  these  measurements  was  the  toad, 
Bufo  marinus.  Eye  cup  preparations  were  used  in  order  to  develop  all 
procedures  using  the  eycup  since  LAIR  measurements  of  laser  damage  are 
monitored  in  such  preparations.  For  the  measurements,  toads  were  dark 
adapted  for  at  least  2  h,  then  decapitated  or  pithed.  The  eye  was  enu¬ 
cleated,  heraisected  behind  the  midline,  and  the  resulting  eyecup  prepa¬ 
ration  was  placed  in  bicarbonate-buffered  toad  Ringer's  solution.  In 
some  cases  the  retina  was  gently  lifted  from  the  underlying  pigment  ep¬ 
ithelium  and  placed  in  Ringer's  solution.  Either  preparation  was  then 
frozen  in  an  isopentane  slush  cooled  by  liquid  nitorgen.  For  dark- 
adapted  conditions  these  manipulations  were  conducted  under  dim  illumi¬ 
nation  from  a  Kodak  Wratten  II  filter.  Light-adapted  eyecup  prepara¬ 
tions  were  from  animals  that  had  been  in  room  light  at  least  2  h. 
Light-adapted  isolated  retinas  were  first  removed  under  dark-adapted 
conditions  and  then  light  adapted  in  white  room  light  for  10  min.  All 


. .  .  .  •,  ■. .  .  o 


%  „*■ 


LfcVfc  “v»  f Jl  l 


f.L  a  Am 


tissues  were  freeze-dried  using  a  zeolite  water  absorbant  in  a  vacuum 
established  by  a  temperature  differential.  The  dried  materials  was  em¬ 
bedded  in  Spurr's  low-viscosity  resin  under  vacuum  and  sectioned  at  a 
thickness  of  10  pm  with  a  dry  glass  knife.  The  sections  were  pressed 
onto  boron-doped  silicon  wafers  and  overcoated  with  50  nra  of  99.99%  Au 
prior  to  analysis.  Sections  adjacent  to  the  analyzed  specimens  were 
routinely  examined  by  light  microscropy  in  order  to  orient  the  specimen 
and  to  ensure  that  the  area  being  analyzed  was  morphologically  well 
preserved  at  the  level  of  resolution  required  for  these  studies.  The 
Cameca  IMS  300  was  operated  with  a  positively  charged  oxygen  primary 
beam  of  30  nA  spread  over  an  area  250  pm  in  diameter.  Positive  secon¬ 
dary  ions  were  analyzed. 

Melanin  granules  of  both  the  choroid  and  retinal  pigment  epithe- 
luim  were  strongly  emissive  for  calcium  (see  Figure  1).  Even  in  these 
1  ight -adapted  retiina,  where  calcium  has  been  lost  from  the  outer  seg¬ 
ment  layer,  the  calcium  foci  between  the  rod  outer  sigments  look  like 
strung  beads  that  are  uneven  in  separation  and  interd igitatedbetween 
the  outer  segments.  This  almost  certainly  results  from  the  distribu¬ 
tion  of  melanin  granules  in  the  pigment  epithelium  processes,  since  the 
distribution  of  these  calcium  foci  follows  closely  the  distribution  of 
melanin  granules  in  pigment  epithelium  cells,  as  seen  in  light  micro¬ 
graphs  obtained  of  the  same  region.  Calcium  concent  rat  ions  are  also 
seen  in  Figure  1  in  the  inner  segment  and  synaptic  terminal  layers. 

The  procedure  we  used  gives  us  hope  that  we  will  be  able  to  study  the 
images  of  other  ions  in  the  toad  and  the  turtle.  We  also  are  hopeful 
that  we  will  be  able  to  study  the  ion  images  of  other  pigmented  struc¬ 
tures  such  as  the  oil  droplets  in  the  turtle.  Since  SIMS  is  also 
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isotope  selective  we  hope  to  be  able  to  test  the  dark  influx  of  various 
ions  and  to  initiate  a  detailed  study  of  parallel  SIMS,  electron  mi¬ 
croscopy  and  laser  damage  data  in  various  areas  of  the  retina  and  ad¬ 
jacent  tissue. 
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Figure  1  Ion  image  of  calcium  40  of  the  photoreceptor  retinal  layer 
and  adjacent  tissue. 
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V.  Visualization  of  Actin  in  Photoreceptor  Cells  by  Light  Microscopy 

A.  Introduction 

Over  the  last  two  years  we  have  applied  to  photoreceptors  the  work 
of  Barak  et  al.(46)  on  phallicidin,  the  actin  binding  toxin  isolated 
from  the  fungus  Amanita  phu 1 loides .  Specifically  this  has  allowed  us 
to  develop  a  specific  stain  for  actin  filaments  in  photreceptor  cells. 
This  work  is  particularly  exciting  in  terras  of  the  Ocular  Hazards  Pro¬ 
gram  because  it  has  allowed  us,  with  light-microscopy  to  visualize  this 
important  component  of  photoreceptor  cells.  This  stain  can  now  be  uni¬ 
versally  and  simply  applied  using  the  methods  described  in  this  section 
to  analyze  the  effect  of  laser  damage  on  this  important  component  in 
phot  receptors  and  in  adjacent  pigment  structures  such  as  oil  droplets. 
It  is  important  co  note  that  the  work  reported  in  this  section  comple¬ 
ments  the  pioneering  studies  of  Enoch  who  developed  staining  procedures 
for  the  ellipsoid  or  mitochoudria.  Therefore  our  stain  could  effec¬ 
tively  be  used  in  conjunction  with  the  Enoch  staining  methods  (58). 

Rod  and  cone  photoreceptors  contain  actin  (38-42)  in  the  calyceal 
processes  (35-44)  surrounding  the  base  of  the  outer  segment.  First  de¬ 
scribed  in  Nectarus  (1),  the  calyceal  processes  are  finger-like  projec¬ 
tions  that  arise  from  the  apex  of  the  inner  segment  and  surround  the 
base  of  the  outer  segment  (35-43).  In  rod  photoreceptors  that  contain 
scalloped  discs,  one  calyceal  process  lies  in  each  surface  groove  cor¬ 
responding  to  an  invagination  of  the  discs  (35,36).  In  humans  or  maca¬ 
que,  there  are  9-12  calyceal  processes  per  ROS,  and  they  do  not  appear 
to  be  closely  adherent  to  the  plasma  membrane  (36).  As  Cohen  has 
noted,  the  fact  that  the  calyceal  processes  do  not  appear  to  run  the 


length  of  the  rod  cell  and  are  loosely  applied  to  the  membrane  surface 


in  at  least  some  species  argues  against  a  primary  role  for  these  struc 
tures  in  visual  transduction  (36). 

In  teleost  photoreceptors,  actin  filaments  extend  from  the  caly¬ 
ceal  processes  surrounding  the  base  of  the  outer  segment  to  the  photo¬ 
receptor  pedicle  (38,40).  In  cone  cells,  these  filaments  extend  into 
the  inner  segment,  the  outer  fiber,  around  the  photoreceptor  nucleus, 
and  through  the  inner  fiber  prior  to  inserting  in  the  plasma  membrane 
near  the  synapse  (38,40).  Throughout  their  excursion,  these  filaments 
lie  immediately  subjacent  to  the  plasma  membrane.  The  distribution  of 
actin  filaments  in  teleost  rods  is  very  similar,  with  the  important  ex 
ception  that  filaments  have  not  been  documented  in  the  perinuclear 
region.  Therefore,  in  rod  photoreceptors  it  is  unclear  if  actin  fila¬ 
ments  in  the  inner  fiber  are  continuous  with  filaments  found  in  the  in 
ner  segment. 

Electron  microscopy  has  previously  been  utilized  to  visualize  ac¬ 
tin  filaments  in  rod  and  cone  photoreceptors  of  many  different  species 
However,  although  electron  microscopy  offer  high  structural  detail  and 
spatial  resolution,  this  technique  suffers  from  the  limitations  inher¬ 
ent  in  trying  to  reconstruct  a  three-dimensional  view  of  actin  fila¬ 
ments  from  multiple  thin  serial-sections.  In  addition,  there  is  obvi¬ 
ously  no  possibility  of  utilizing  electron  microscopy  to  visualize  ac¬ 
tin  filaments  in  live  photoreceptors.  Lastly,  using  heavy  meromyosin/ 
subfragment-1  labeling  procedures  to  identify  actin  raises  the  possi¬ 
bility  of  polymerization  of  ambient  G-actin  during  the  extended  glycer 
ination  treatment  (33). 

Actin  localization  techniques  utilizing  fluorescent ly-labe led 
phallicidin  circumvent  these  difficulties.  Phallicidin  is  a  potent 
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toxin  isolated  from  the  fungus  Amanita  phalloides  that  selectively 
binds  to  and  stabilizes  F-actin  in  plant  and  animal  cells  (35-49). 
G-actin  oligomers  also  bind  phallicidin,  but  G-actin  monomers  do  not. 
The  three-dimensional  arrangement  of  F-actin  filaments  in  cells  can  be 
observed  in  the  light  microscope  by  staining  these  filaments  with  phal 
licidin  conjugated  to  a  fluorescent  label.  Brief  fixation  procedures, 
perraeab i lization  of  live  cells  by  lysolecithin  treatment  and  vesicle 
fusion  techniques  can  all  be  used  to  introduce  phallicidin  into  cells 
with  a  minimum  amount  of  fixation  artifact.  Fluorescent ly-labe led 
phallicidin  has  previoi^sly  been  used  to  label  actin  in  fixed  tissue 
culture  fibroblasts  (48),  live  mouse  myoblasts  (47),  algae  (48),  coni¬ 
fer  roots  (35),  metaphase  spindles  in  rat  kangaroo  cells  (36)  and 
stress  fibers  in  vascular  endothelial  cells  (49). 

In  these  experiments  we  have  used  rhodaraine-phal 1 ic id  in  (Rhod-Ph) 
to  obtain  a  three-dimensional  view  of  fluorescently-labeled  actin  fila 
ments  in  isolated  rod  photoreceptors  and  photoreceptors  attached  to  th 
retina.  Our  results  confirm  the  presence  of  actin  filaments  in  the 
calyceal  processes  surrounding  the  base  of  the  outer  segments.  These 
filaments  are  continuous  with  longitudinally-oriented  filaments  that 
lie  beneath  the  plasma  membrane  in  the  ellipsoid  and  myoid  regions  of 
the  inner  segment.  In  addition,  we  have  localized  actin  at  the  base  o 
the  outer  segment  in  fibers  oriented  perpendicular  to  the  long  axis  of 
the  rod  photoreceptor. 

B .  Materials  and  Methods 

Bufo  marinus  toads  4-6  cm  in  length  of  either  sex  were  obtained 
from  Lemberger  Associates(Germantown,  VII).  Toads  dark  adapted  for  at 
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least  10-12  hours  were  decapitated  and  the  eye  globe  was  rapidly  enuc¬ 
leated  using  either  infrared  illumination  (\  >  750  nra)  and  an  image 
convertor (Ni-Tec ,  West  Jarvis,  IL)  or  dim  red  illumination.  The  enuc¬ 
leated  eye  was  heraisected  just  posterior  to  the  ora  serrata,  and  the 
retina  was  gently  lifted  away  from  the  pigment  epithelium  with  fine 
forceps.  The  retina  was  placed  in  200  p.1  of  a  modified  Ringer's  solu¬ 
tion  (65  raM  NaCl ,  50  mM  NH20H*HC1,  2.5  mM  KCl,  10  mM  (N-2-hydroxyeth- 
ylpiperazine-N'-2-ethanesulfonic  acid  (HEPES),  2  ran  MgCi2  ,  1  mM  CaCl2, 

5  raM  glucose,  pH  7. 5-7. 8),  and  rod  outer  segments  (ROS)  were  isolated 
by  swirling  the  retina  .for  30-60  seconds.  The  purpose  of  substituting 
NH20H.HC1  for  NaCl  was  to  decrease  the  autofluorescence  of  outer  seg¬ 
ments  arising  from  the  photoproducts  of  rhodopsin  (52).  Retinal  frag¬ 
ments  that  remained  after  the  detachment  of  the  outer  segments  were 
prepared  sliced  into  thin  strips  with  a  sharp  knife  with  the  aid  of  a 
dissecting  microscope.  Dim  red  illumination  was  used  in  this  step,  as 
the  infrared  image  convertor  was  not  interfaced  with  the  dissecting  mi¬ 
croscope.  Retinal  fragments  with  outer  segments  attached  were  prepared 
by  avoiding  the  ROS  isolation  step  described  above. 

Some  of  the  ROS  suspensions  or  retinal  fragements  were  fixed  in 
3.7%  formaldehyde  for  30-60  minutes.  Unfixed  ROS  suspensions  were  per- 
meabilized  by  freezing  at  -10’C  for  20  minutes  followed  by  thawing  at 
room  temperature.  However,  the  morphology  of  the  cells  was  inferior  to 
the  formaldehyde-fixed  cells.  Staining  was  carried  out  by  transferring 
50-100  (i l  of  the  ROS  suspension  or  1-2  retinal  fragments  to  a  glass 
slide  and  incubating  with  50  til  of  150  ngral  of  f luorescently-labeled 
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phallic  id  in  for  >20  minutes.  Phallicin  labeLed  with  7-nitrobenz-2-oxa- 
3  diazole(NBD)(Molecular  Probes,  Junction  City,  OR)  or  rhodaraine  demon¬ 
strated  similar  labeling,  but  rhodaraine  label  gave  superior  photographs 
since  auto  fluorescence  from  the  rod  cells  partially  obscured  the  fluor¬ 
escence  from  NBD-phallicidin.  Photographs  were  taken  with  a  35  ram 
caraerafOlyrapus  OM-2,  Woodbury,  NY)  and  a  Nikon  Optiphot  microscope 
equipped  with  an  episcopic  fluorescence  attachment  and  a  mercury  lamp 
excitation  source.  For  Rhod-Ph,  a  dichroic  mirror  was  used  to  select 
an  excitation  wavelength  at  535-550  nm,  and  a  580  run  barrier  filter  was 
used  to  block  the  exciting  light.  Results  were  confirmed  with  NBD- 
phallicidin  using  an  excitation  wavelength  of  450-480  nra  and  a  515  nm 
barrier  filter  for  viewing. 

C .  Results  and  Discussion 

Figure  1  shows  a  low-magnification  view  of  formaldehyde-f ixed  toad 
rods  detached  by  shaking  the  isolated  retina  in  modified  Ringer's  solu¬ 
tion.  Although  such  preparations  typically  contain  >90%  isolated  outer 
segments,  rod  cells  with  inner  and  outer  segments  attached  were  present 
in  sufficient  numbers  that  they  could  easily  be  located  for  fluores¬ 
cence  microscopy.  Figure  2  shows  fluorescence  and  phase  contrast  mic¬ 
rographs  of  a  cone  cell  exhibiting  prominent  staining  of  actin  fila¬ 
ments  by  rhodamine-pha 1 1 ic id  in .  In  some  cells  the  filaments  appeared 
to  be  associated  as  doublets  but  this  was  an  inconsistent  finding.  In 

all  photoreceptor  cells  that  had  inner  segments  attached,  individual 
filaments  originating  at  the  scleral  end  of  thecalyceal  processes  sur¬ 
rounding  the  base  of  the  outer  segment  extended  into  the  inner  segment. 
The  vitreal  extent  of  these  filaments  was  variable  from  cell  to  cell. 
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la  some  photoreceptors,  the  filaments  clearly  run  from  the  calyceal 
processes  to  the  vitreal  end  of  the  inner  segment  rayoid  and  end  at  the 
photoreceptor  nucleus.  Our  isolation  procedure  paid  special  attention 
to  cone  cell  preservation  because  of  the  importance  of  these  cells  to 
the  Ocular  Hazards  Program.  As  can  be  seen  in  these  pictures,  our 
method  clearly  is  applicable  to  these  cells. 

Actin  filaments  in  each  of  these  locations  were  not  equally  well- 
preserved  by  our  formaldehyde  fixation.  The  filaments  with  the  caly¬ 
ceal  processes  and  ellipsoid  were  exceptionally  well-preserved,  as  they 
were  always  present  in  Tour  preparations  and  appeared  as  thick  lines  of 
fluorescent  stain  (Figures  2-3).  The  appearance  of  the  filaments  in 
the  rayoid  region  was  much  more  variable,  ranging  from  thick  individual 
filaments  similar  to  the  ellipsoid  filaments  to  a  diffuse,  reticular 
staining  pattern  that  probably  represents  disrupted  filaments. 

In  rod  cells  attached  to  the  retina,  filament  extending  from  the 
scleral  side  of  the  nucleus  into  deeper  retinal  layers  are  also  evident 
(Figure  5).  Since  some  of  these  fibers  appear  to  make  an  abrupt  90° 
turn  just  scleral  to  the  ucleus  (Figure  5),  we  are  fairly  confident 
that  these  represent  actin  filaments  extend  to  axon  of  rod  photorecep¬ 
tors  (36).  Staining  of  actin  filaments  within  deeper  retinal  layers 
was  frequently  observed,  and  the  staining  pattern  was  highly  suggestive 
of  the  presence  of  ac t inf i 1  aments  oriented  transverse  to  the  long  3xis 
of  the  rod  cells  (Figure  3).  It  is  not  clear  if  all  of  these  filaments 
are  within  Henle's  fibers,  or  if  they  are  located  within  deeper  retinal 
layers.  Studies  are  progressive  to  differentiate  this  staining  by  sec- 


Outer  segments  detached  from  the  retina  by  mechanical  agitation 
separate  froiwcthe  inner  segment  at  the  thin  connecting  ciliura.  During 
this  breaking  process,  it  is  possible  for  the  calyceal  processes  to  re¬ 
main  associated  with  either  the  inner  segment  or  the  outer  segment.  We 
frequently  observed  calyceal  processes  remaining  associated  with  the 
outer  segments  (Figure  2).  This  was  highly  variable,  however,  as  outer 
segments  with  no  calyceal  processes  attached  and  inner  segment  fragments 
with  calyceal  processes  attached  were  also  observed.  The  fact  that 
calyceal  processes  can  adhere  to  the  outer  segment  "after  the  inner  seg¬ 
ment  is  detached  is  somewhat  surprising,  since  the  calyceal  processes 
are  evaginations  of  the  inner  segment.  In  fact,  Borwein  (53)  has  re¬ 
cently  observed  that  the  calyceal  processes  of  Rhesus  monkey  do  not  re¬ 
main  with  the  outer  segments  during  isolation  procedures.  Our  results 
suggest  that  the  calyceal  processes  frequently  adhere  to  the  outer  seg¬ 
ment  in  Bufo  marinus.  The  discrepancy  between  these  two  results  may  be 
due  to  species  differences. 

Our  photographs  suggest  that  the  actin  filaments  in  the  inner  seg¬ 
ment  are  closely  applied  to  the  plasma  membrane.  By  changing  the  depth 
of  focus,  we  could  visualize  the  three-dimensional  orientation  of  these 
filaments  as  well  as  the  curvature  of  the  plasma  membrane.  In  all  ca¬ 
ses,  the  filaments  appear  to  follow  the  curvature  of  the  plasma  mem¬ 
brane  very  closely,  but  we  cannot  discern  whether  these  filaments  are 
superficial  or  deep  to  the  plasma  membrane  of  the  inner  segment.  Fig¬ 
ure  5  presents  a  unique  view  that  further  demonstrates  that  the  actin 
filaments  are  located  in  the  periphery  of  the  inner  segment.  A  retina 
with  rod  outer  segments  detached  was  cut  into  small  fragments,  fixed  in 
formaldehyde,  and  stained  with  rhodaraine-phal l icidin.  A  top  view  of 
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Che  scleral  side  of  Che  recina  is  shown  in  Figure  6.  The  solid  orange 
circles  represent  Che  non-labeled  cytoplasm  of  the  inner  segment.  The 
bright  yellow  rings  of  rhodaraine-phallicidin  labeling  represent  a 
cros3-sect ional  view  of  actin  filaments,  and  these  filaments  are  clear¬ 
ly  located  at  the  periphery  of  the  inner  segment.  Our  observations  are 
consistent  with  transmission  electron  micrographs  indicating  that  the 
actin  filaments  lie  immediately  to  the  plasma  membrane  of  the  inner 
segment  (38-42),  and  scanning  electron  micrographs  demonstrating  promi¬ 
nent  ridges  in  the  inner  segment  membrane  that  may  be  continuous  with 
the  calyceal  processes  ’(54). 

We  frequently  observed  a  prominent  actin  band  at  the  junction  of 
the  inner  and  the  outer  segment  oriented  transverse  to  the  long  axis  of 
the  rod  cell.  In  several  isolated  rods  detached  at  the  connecting  c i  1  — 
iura,  this  band  remained  associated  with  the  outer  segment.  This  may 
correspond  to  the  labeling  of  the  lip-like  expansion  of  the  connecting 
cilium  at  the  base  of  outer  segments  reported  while  this  work  was  in 
progress  (44).  In  view  of  this  localization  of  actin,  Chaitin  et  al. 
(44)  have  suggested  that  this  protein  may  be  involved  in  disc  morpho¬ 
genesis  and  vectorial  transport  of  opsin  and  other  membrane  proteins. 

The  rhodopsin-containing  discs  of  the  ROS  have  long  been  felt  to 
be  physically  (36),  electrically  (55),  and  osmotically  (56)  isolated 
from  the  ROS  plasma  membrane.  However,  workers  in  two  laboratories 
have  recently  demonstrated  the  presence  of  multiple  filaments  intercon¬ 
necting  the  discs  to  one  another  and  to  the  plasma  membrane  (50,31). 
Although  the  composition  of  these  filaments  is  not  known,  it  is  pos¬ 
sible  that  they  may  play  a  significant  role  in  visual  transduction 
(50,51,57).  If  the  filaments  are  composed  of  F-actin,  we  would  expect 
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labeling  of  these  structures  by«chodamine-phal licidin.  However,  in  ex- 

*  ~  •  •  ■  * 

periments  utilizing  either  formaldehydirfixed  ROS  or  ROS  permeabilized 
by  freezing  and  thawing,  no  labeling  of  these  outer  segment  filaments 
was  observed.  While  it  may  be  argued  that  the  autofluorescence  arising 
from  ROS  (Figure  3)  could  easily:  obscure  actin  labeling  in  the  outer 
segment,  we  do  not  believe  this  to  be  the  case  in  our  experiments.  The 
amount  of  autofluorescence  arising  from  formaldehyde- fixed  ROS  in 
hydroxylaraine  was  highly  variable,  and  on  occasion  no  detectable  auto¬ 
fluorescence  was  observed.  For  example,  in  Figure  3  there  is  no  back¬ 
ground  fluorescence  emanating  from  the  outer  segment,  and  no  labeling 
of  the  ROS  by  rhodamine-phallicidin. 

For  several  reasons,  we  are  certain  that  Rhod-Ph  was  able  to  enter 
the  outer  segment  under  our  experimental  conditions:  (1)  the  intracel¬ 
lular  actin  present  in  the  calyceal  processes  and  the  inner  segment 
were  heavily  labeled  by  Rhod-Ph;  (2)  whole  rod  cells  with  clear  breaks 
in  the  plasma  membrane  (see  Figure  3)  do  not  demonstrate  labeling  with 
Rhod-Ph  in  the  vicinity  of  the  break;  and  (3)  short,  broken  outer  seg¬ 
ment  fragments  do  not  show  any  Rhod-Ph  labeling  at  the  apical  end  of 
the  cell.  Therefore,  either  the  filaments  observed  in  ROS  (50,51)  are 
not  composed  of  F-actin,  or  these  filaments  are  not  well-preserved  by 
our  fixation  procedures.  Burnside  and  coworkers  have  previously  noted 
that  although  the  calyceal  and  ellipsoid  filaments  were  well-preserved, 
rod  rayoid  filaments  were  easily  disrupted  and  often  could  not  be  obser¬ 
ved  in  fixed  photoreceptors.  These  myoid  filaments  also  showed  vari¬ 
able  preservation  in  our  own  experiments.  The  fact  that  we  observed 
these  labile  myoid  actin  filaments  decreases  the  probability  that  the 
disc-to-disc  and  disc-to-raerabrane  filaments  are  composed  of  F-actin  but 
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were  not  well-preserved  in  our  preparations.  However,  we  cannot  com¬ 
pletely  rule  out  the  possibility  that  these  filaments  are  actin  and 
were  not  observed  with  our  techniques. 


Summary 


We  have  utilized  rhodamine-phallicidin  to  visualize  actin  in  toad 
rod  photoreceptors  by  fluorescence  microscopy.  Actin  within  the  caly¬ 
ceal  processes  surrounding  the  base  of  the  outer  segment  allow  these 
structures  to  be  viewed  by  light  microscopy  for  the  first  time.  In 
toads,  the  calcyceal  processes  frequently  adhere  to  the  plasma  membrane 
at  the  base  of  outer  segments  that  have  been  detached  from  the  inner 
segment  at  the  connecting  ciliura.  Actin  filaments  clearly  extend  from 
the  calyceal  processes  to  the  photoreceptor  nucleus,  and  another  series 
of  filaments  are  observed  in  the  inner  fiber.  We  do  not  have  any  evi¬ 
dence  suggesting  that  the  actin  filaments  in  the  myoid  are  continuous 
with  the  filaments  within  the  photoreceptor  axon,  although  this  is 
apparently  the  case  in  cone  photoreceptors  of  teleost.  We  have  also 
observed  staining  in  deeper  retinal  layers  of  actin  filaments  oriented 
transverse  to  the  long  axis  of  photoreceptors ;  this  may  be  due  to  actin 
located  in  photoreceptor  inner  fibers.  Lastly,  the  cross-sectional 
photograph  of  the  neural  retina  with  outer  segments  detached  shown  in 
Figure  4  provides  a  unique  view  of  actin  filaments  peripherally  located 
in  the  photoreceptor  inner  segments. 

Our  results  provide  a  technique  for  visualizing  the  three-dimen¬ 
sional  structure  of  actin  filaments  in  photoreceptors  by  light  micros¬ 
copy  copy  with  a  minimum  of  sample  preparation.  In  addition,  it  should 
be  possible  to  apply  these  fluorescent  labeling  techniques  to  living 
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Figure  2:  Phase  contrast  (first)  and  fluorescence  microscopy  (second) 
of  fixed  toad  cone  photoreceptors  stained  with 
'rhodamine-phallicidin.The  calyceal  processes  surrounding  the 
base  of  this  ^oncated  outer  segment  appear  to  be  associated 
as  doublets,  although  this  was  an  inconsistent  finding  from 
cell  to  cell3£  Actin  staining  is  evident  as  a  thick  band  at 
the  right  margin  of  the  nuclus  (compare  first  and  second 
photographs ) . 
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Figure  3:  Phase( first)  and  fluorescence  (second)  micrographs  of  fixed 
toad  rod, outer  segments.  In  the  lower  photograph,  note  the 
transverse  band  of  act  in  staining  at  the  base  of  the  outer 
segment.  Also  note  that  a  portion  of  the  outer  segment  was 
broken  during  the  isolation  procedure  '(first  photo),  and  that 
there  is  rw  staining  of  the  region  of  the  outer  segment  at 
Che  margins  of  this  break  by  rhodamine-phallicidin.  This 
suggests  that  (1)  there  is  no  actin  acessible  in  the  dark 
outer  segment,  or  (2)  any  P-actin  present  in  the  drk  is 
extremely  liabile  to  Che  fixation  procedures  employed. 
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Figure  4:  These  toad  rod  outer  segments  are  clearly  detached  from  the 
inner  segment  by  breakage  at  the  connecting  cilium.  The 
point  of  this  photo  is  to  demonstrate  that  the  calyceal  pro¬ 
cesses  can  remain  associated  with  Che  plasma  membrane  of  the 
outer  segment  after  the  inner  segment  has  been  removed. 

First  photo  (phase),  second  photo  (fluorescence). 
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Figure  5:  Toad  rod  photoreceptor  attached  to  the  retina:  These  photos 
clearly  demonstrate  the  staining  of  actin  filaments  in  the 
calyceal  processes  (of  stain)  and  inner  segment.  The  verti¬ 
cal  line  at  the  extreme  right  of  the  lower  photo  may  repre¬ 
sent  actin  within  the  photoreceptor  inner  fiber.  First  photo 
(phase)  second  photo  (fluorescence). 
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Figure  6:  Cross-sectional  view  of  the  scleral  side  of  a  fixed,  stained 
retina  with  photoreceptor  outer  segments  detached.  Diffuse 


orange  is  due  to  retinal  autofluorescence,  and  the  bright 
yellow  rings  represent  circle  of  actin  peripherally  located 
in  the  photoreceptor  inner  segment. 
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cells.  Phallicidin  can  be  introduced  into  live  animal  cells  by  perrae- 
abiliring  the  plasma  membrane  with  lysolecithin  (14)  or  by  pinocytosis 
(13).  Since  fluorescent  dye  can  be  introduced  into  rod  cells  by  vesi¬ 
cle  fusion  (20),  it  is  possible  that  actin  can  be  fluorescent ly  labeled 
by  these  techniques  in  intact  functioning  photoreceptors. 

VI .  Rapid  Mechanical  Motions  Induced  by  Light 

One  of  the  most  surprising  and  significant  observations  made  dur¬ 
ing  the  last  year  has  been  the  observation  of  rapid  mechanical  motions 
in  photoreceptor  cells  that  parallel  the  cellular  electrophysiological 
response  (59).  The  key  to  measuring  these  rapid  machancial  motions  is 
a  piezoelectric  crystal  made  of  lead-zirconate-titanate.  This  crystal 
converts  mechanical  motion  into  an  electrical  signal  which  can  be  amp¬ 
lified  and  recorded.  Attached  to  this  piezoelectric  device  is  a  finely 
tapered  stylus  which  rests  on  a  6p  toad  photoreceptor  cell.  The  cell 
which  is  coupled  to  a  retina,  kept  alive  with  appropriate  media,  is 
placed  between  two  plastic  rings  that  separates  two  compartments  of  the 
culture  media.  This  allows  simultaneous  recording  of  the  electrical 
and  mechanical  response.  The  photoreceptor  is  then  exposed  to  a  msec 
flash  of  light  which  is  represented  by  the  horizontal  bar  in  Figure  IB. 
This  causes  a  short  push  of  the  cell  against  the  stylus  (see  Figure  1A) 
and  then  a  prolonged  pull  and  recovery  that  follows  the  electrophysio¬ 
logical  response.  The  vertical  bar  is  what  a  1  ug  response  would 
cause.  Recently,  we  have  obtained  preliminary  data  indicating  that  the 
mechanical  response  is  affected  by  the  state  of  light-adaption  of  the 
cell  in  the  same  way  as  the  electrical  signal  is  affected.  We  are  pre¬ 
sently  investigating  this  more  thoroughly.  Within  the  last  few  months 


a  group  at  Woods  Hole  has  obtained  very  similar  results  of  rapid  mec¬ 
hanical  motion  in  the  invertebrate  retina  of  squid  (60).  They  also  ob¬ 
serve  that  the  mechanical  motion  parallels  the  electrophysiological  re¬ 
sponse  and  is  a  function  of  the  state  of  light-adaption  of  the  cell. 

All  of  this  data  together  with  our  actin  labelling  results  strong¬ 
ly  suggest  that  photoreceptor  cells  not  only  have  rapid  biochemical 
changes  to  light  but  also  have  rapid  light-induced  mechanical  re¬ 
sponses.  We  do  not  know  yet  which  is  the  horse  and  which  is  the  cart 
in  this  evolving  story  but  these  results  we  believe  have  enormous  imp¬ 
lication  to  understanding  laser  interactions  with  photoreceptors.  We 
plan  to  do  critical  experiments  to  evaluate  the  effects  of  CW  and 
pulsed  laser  exposure  to  our  rapid  responses.  These  experiments  will 
be  completed  in  consultation  with  Col.  Beatrice  and  the  LAIR  staff. 

The  data  will  surely  lead  to  new  understandings  of  importance  to  the 
Ocular  Hazards  Program. 


Figure  1  Mechanical  (A)  and  e lec t roph3 io 1 og i c a l  (B)  responses  of  a 

toad  photoreceptor  cell.  The  vertical  bar  in  A  represents  a 
1  Ug  mechanical  response  and  the  horizontal  bar  in  B 
represents  a  7  msec  flash  of  light  th3t  presents  the  retina 
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